Luminescence from trivalent lanthanide ions is characterized by narrow-band emission spectra, long lifetimes (of the order of milliseconds), and a large gap between the excitation and emission bands.
Because of their long emission lifetimes, it is possible to carry out time-resolved detection of the complexes in order to eliminate background signals and autofluorescence from biomolecules. [1] [2] [3] [4] [5] [6] Time-resolved fluoroimmunoassay has been well established as one of the applications of such lanthanide complexes. [7] [8] For the improvement of the luminescence intensity of lanthanide complexes, it is desirable for the ligand structure to show intense absorption in the UV-Vis wavelength region, and to exhibit efficient energy transfer from the excited state of the ligand to the coordinated lanthanide ion. In addition, the ligand should form a strong complex with the lanthanide ion and shield the metal ion from nonradiative deactivation by solvent molecules.
In the present study, we synthesized trivalent lanthanide complexes of macrocyclic bipyridine ligands bearing cyclic peptides for the visualization of tumor cells expressing integrins on their surfaces. For the purposes of optical imaging of tumor cells and their functions, appropriate functionalization of the ligand structure is necessary, but such modifications often alter the luminescence properties. Integrins are transmembrane glycoproteins consisting of α and β subunits that mediate cell-to-cell and cell-to-extracellular matrix interactions. [9] [10] [11] [12] In particular, the integrin  v  3 appears to play an important role in tumor growth, metastasis, and angiogenesis, and thus the expression of this integrin is correlated with tumor aggressiveness. Cyclic peptides containing the RGD (Arg-Gly-Asp) sequence are well known as specific ligands of the  v  3 integrin cell-surface receptor. The ability to visualize and quantify the  v  3 integrin expression level will provide new opportunities for following integrin expression in tumor tissues. [13] [14] [15] [16] [17] As reported below, we 
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We designed a macrocyclic bipyridine ligand bearing two c(RGDfK)
peptides as tumor-targeting moieties (1, Fig. 1 ). The macrocyclic compound 2 was synthesized from 6,6′-dimethyl-2,2′-bipyridine in three steps, following a previously reported procedure. 24, 25 For the conjugation of the c(RGDfK) peptide, ligand 2 was derivatized to form the dicarboxylic acid In fact, other complexes (Ln 3+ ⊂3, 5) showed quite similar fluorescence spectra (data not shown). In order to gain further understanding of the energy-transfer process in our complexes, we estimated the energy level of the excited triplet state of 3 from its phosphorescence spectrum obtained at 77 K ( Supplementary Information, Fig. S1 ).
Phosphorescence from ligand 3 showed a maximum at around 480-490 nm (20800-20400 cm (Insert Fig. 3) (Insert Table 1) The quantum yields ( F ) and lifetimes () of the emission are listed in Table 1 . Emission quantum yields obtained from the complexes are relatively low, because back electron transfer deactivation from the excited Ln 3+ to the triplet energy levels of the ligands is likely to occur due to small band gaps between them. The hydration number (the number of water molecules, q) of the inner coordination sphere of the lanthanide ions can be estimated by measuring the differences between the emission lifetimes in H 2 O and D 2 O using the equations of Horrocks and Parker.
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The fluorescence lifetimes of the complexes were determined to be ≈1 ms, which should be long enough for the time-resolved fluorescence imaging of biomolecules to discriminate the fluorescence of these complexes from autofluorescence originating from the tissue. 8, 19 (Insert Fig. 4) The cytotoxicity of complexes Eu 3+ ⊂1 and Tb
3+
⊂1 was assayed by the WST-8 method (Fig.   S2 ).
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Both probes induced cell aggregation, but showed no remarkable toxicity in the concentration range below 100 M (IC 50 > 100 M). The stability of Eu 3+ ⊂1 and Tb
3+
⊂1 was evaluated during a period of 42 h at 37 ºC in the medium. By emission analysis it was found that both complexes were sufficiently stable enough for the microscopic observation (Fig. S3 ).
Fluorescence imaging of living tumor cells was examined by incubating the probes with highly 6  v  3 -integrin-expressing human glioblastoma U87-MG cells or with less expressing human prostate cancer PC-3 cells at 37°C. As shown in Fig. 4 , the U87-MG cells were successfully visualized by Eu 3+ ⊂1 upon excitation at 330 ± 40 nm and fluorescence collection at 605 ± 28 nm (Fig. 4c, d ). On the other hand, only very weak fluorescence was observed from PC-3 cells incubated with Eu 3+ ⊂1 (Fig. 4a, b) and U87-MG cells incubated with Eu 3+ ⊂3 (Fig. 4e, f) . These results clearly suggest that the lanthanide complex Eu 3+ ⊂1 recognizes the integrin  v  3 on the surface. The effect on microscopic observation of mono-and disubstitution of the ligand with the c(RGDfK) unit was also examined by incubating Tb 3+ ⊂1 or Tb 3+ ⊂5 with U87-MG cells under the same conditions (Fig. S4 ).
It has been demonstrated that multimeric RGD peptides show enhanced binding affinities toward integrins as compared to monomeric peptides; 13 however, no remarkable differences were observed between the fluorescence microscopic images. This is partly because the two c(RGDfK) units are not sufficiently well separated to bind two neighboring  v  3 integrin sites simultaneously. 
